High quality LaOFeP superconducting materials have been successfully synthesized by a two-step solid reaction method. We first prepared a La-Fe-P ternary alloy following a pre-alloying treatment; the resultant La-Fe-P ternary alloy was found to be the key precursor for producing the final LaOFeP superconductors in our experiments. The LaOFeP samples in general have a superconducting transition temperature of about T c ≈ 4.1 K as demonstrated by the measurements of resistivity and magnetic susceptibility. The volume ratio of the superconducting phase in the high quality sample is estimated to be as high as 95% at the temperature of 2 K. Structural analysis by means of x-ray diffraction, electron diffraction and high resolution transmission electron microscopy shows that the LaOFeP crystal has a layered tetragonal structure with a P4/nmm space group. Structural defects such as stacking faults in the LaOFeP sample have also been briefly discussed.
Introduction
High T c cuprate superconductors have been extensively studied for several decades because of their essential importance from both academic and technological points of view [1] [2] [3] [4] ; then many efforts were made to explore new superconductors in other related compounds, such as Na x CoO 2 ·1.3H 2 O [5, 6] , SrRuO 4 [7] , UGe 2 [8] , Na x TaS 2 [9] and URhGe [10] . In particular, experimental investigations on a few Fe-based systems clearly demonstrated the presence of superconductivity and notable magnetic properties [11, 12] . Actually the coexistence of ferromagnetism and superconductivity as a critical issue has been intensively discussed in studies of the spin-triplet pairing superconductors [8, 10] . Recently, Kamihara et al [13] reported a new iron-based layered superconductor LaOFeP with T c ∼ 3.2 K. This layered material has a tetragonal ZrCuSiAstype structure with a space group of P4/nmm [14] . Theoretical analysis of the electronic bands and Fermi surface suggests that the inter-layer bonding could evidently affect the superconductivity in LaOFeP [15] . It is also noted that, from either the crystal structure or the electronic structure point of view, the LaOFeP superconductor shows evident differences from the high T c cuprate superconductors. The Fe ion in LaOFeP occupies a tetrahedral site coordinated with four P ions; theoretical calculation revealed that the quasi-two-dimensional electronic states in the vicinity of Fermi level are governed by the Fe d x y and d x 2 −z 2 orbitals hybridized with the P p orbitals [15] . On the other hand, the Cu ions in the high T c superconductors occupied a planar fourfold square site coordinated with six O ions. The charge carriers at the Fermi level are driven by the d x 2 −z 2 orbitals. Hence, an extensive study of physical properties in the LaOFeP materials would provide a new opportunity for studying the mechanism of superconductivity in transition metal oxides. In the present paper, we will report on the developments of our research on the synthesis, structure characterization and superconductivity measurements of LaOFeP materials. In order to obtain well-crystallized LaOFeP superconducting materials, we performed a novel pre-alloying treatment step in the sample preparation process. Microstructural features and crystal defects in this new type of superconducting material have been carefully examined by a series of electron microscopy techniques.
Experimental details
The polycrystalline samples of LaOFeP were prepared by a conventional solid-state reaction method described as follows. First, to avoid oxidation of the pure lanthanum (La is extremely active in air), the lanthanum and iron were pre-alloyed by arc melting under an argon gas flow on a water-cooled copper stage. These mixed materials were repeatedly alloyed six times to get a chemically homogeneous ingot; then the La-Fe-P alloy was prepared by heating a mixture of La-Fe alloy and red P at 650-800
• C for 12 h in an evacuated quartz tube. The amounts of La-Fe and P were calculated according to the stoichiometric ratio of the LaFeP formula. The commercial La 2 O 3 powder was heated at 550
• C for 12 h for the purpose of dehydrating. Then, the stoichiometric mixtures of LaFe-P alloy and La 2 O 3 powder were sealed in an evacuated quartz tube. The tube was heated to 1240
• C and sintered for 48 h. Finally, the products were slowly cooled down to room temperature with a cooling rate of 1
• C min −1 . X-ray diffraction for the structure determination of the superconducting materials was performed at room temperature on a Rigaku RINT x-ray diffractometer with Cu Kα radiation.
Measurements of the temperature dependence of magnetization were carried out using an Oxford multiparameter measurement system (Maglab-Exa-12). The resistivity of the superconducting samples was measured by a standard four-point probe technique. Specimens used for transmission electron microscopy (TEM) analysis were polished mechanically with a Gatan polisher to a thickness of about 40 μm and then ion milled with a Gatan-691 PIPS ion miller. TEM observations and electron energy loss spectroscopy (EELS) analysis were performed on a Tecnai F20 transmission electron microscope operating at 200 kV.
Results and discussion
Figure 1(a) shows an experimental XRD pattern obtained from a typical LaOFeP sample with a sharp superconducting transition. All diffraction peaks in this pattern can be indexed quite well by a tetragonal cell with lattice parameters of a = 3.962Å and c = 8.511Å and a space group of P4/nmm. The inset shows a brief structural model clearly illustrating the atomic layers of LaOFeP crystal. Each primitive cell includes eight atoms in two sub-units, i.e., the FeP tetrahedron and the LaO tetrahedron, and each cell corner is occupied by an Fe atom. It is also noted that the LaOFeP crystal, comparable with the high T c copperbased superconductor, is also composed of two functional sheets alternately stacked along its c-axis direction. The iron phosphide (Fe 2+ P 3− ) layers as the electronically active planes are sandwiched by charge reservoir layers (lanthanum oxide La 3+ O 2− layers). Theoretical XRD simulation with this atomic structural model has been performed using the reflection computer code implemented in Cerius 2 software. The calculated XRD profile as illustrated in figure 1(b) shows up the main structural features in good agreement with the experimental data.
It is also noted that the experimental conditions, synthesis parameters and amount of La 2 O 3 used in the solid reaction of the La-Fe-P ternary alloy and La 2 O 3 play critical roles in the formation of the superconducting LaOFeP phase and the crystalline quality. In our experiments, we divided the La-Fe-P ternary alloy into three batches and added three different amounts of La 2 O 3 powder. The purpose is to change the mole ratio of the La-Fe-P component within the total reactant. When the La 2 O 3 amount exceeds or equals the nominal stoichiometric amount, the impurity phase of La 2 O 3 will form in addition to the LaOFeP phase, which will degrade the superconductivity property of the final product. When the La 2 O 3 amount is slightly (10%) less than the nominal stoichiometric amount, the LaOFeP phase can be formed. The detailed reasons will be studied in a further study.
LaOFeP materials often show a rich variety of microstructural features depending notably on the synthesis process. Figure 1(c) is a low magnification SEM image of an assynthesized LaOFeP sample, clearly illustrating the crystalline grain morphology in a superconducting material. It is evident that the layered LaOFeP phase is quite pure in the sample and the crystalline quality is high. The average grain size in such samples generally ranges from 1 to 6 μm. Figure 1(d) is a high magnification SEM image taken from a LaOFeP crystal grain, illustrating the layered structural feature of the crystals. Thin crystal pieces with a thickness of less than 10 nm can be frequently observed. Energy dispersive x-ray (EDX) microanalysis is also employed to determine the chemical composition of the crystal in our products. The inset of figure 1(c) is a typical EDX spectrum recorded from a LaOFeP specimen. This EDX spectrum clearly demonstrates that the product is composed of La, Fe, P and O elements. No other impurity element is found. Quantitative analysis confirms that the mole ratio among the four elements is around 1:1:1:1. Figure 2 (a) displays the magnetic susceptibility curves for a LaOFeP sample under an applied field of H AC = 1 Oe. The strong diamagnetic signal demonstrates the bulk superconducting character in the LaOFeP product. The superconducting critical temperature (T c ) as defined by the onset point of the real part (χ ) of the AC susceptibility is about 4.1 K in the susceptibility measurement. A dissipation peak can be seen in the imaginary part of the susceptibility curve (χ ). The transition width in general is less than 1 K. The superconducting (SC) volume fraction is also estimated, based on the magnetization, the geometric volume of the specimen and the applied magnetic field. Figure 2(b) shows the SC volume fraction in the measured sample as a function of temperature; it is recognizable that the value of −4πχ reaches as high as 95% at 2 K, confirming the high quality of our superconducting sample. cm, in agreement with the previous data. It is recognizable that this superconducting sample exhibits well-defined metallic behaviour at low temperatures, i.e., a linear relationship between resistivity and temperature. An abrupt decrease of resistivity is visible below 6.7 K, and zero resistivity is reached at around 4.1 K, consistently with the result of the above susceptibility measurements.
In order to understand the crystal structural feature of the layered material, we have performed a series of structural analysis by means of electron diffraction and high resolution TEM observation. Figure 3(a) shows a HRTEM image recorded from a thin area in a LaOFeP crystal, clearly showing the atomic layers with a lattice spacing of 8.4Å along the caxis direction. The two sets of lattice fringes seen in figure 3(a) correspond to 0.82 and 0.28 nm, making a 90
• intersecting angle, which could be attributed to the (001) and (110) shows an enlarged TEM high resolution image of an area in figure 3(a) . It shows the atomic position in good agreement with the 110 projection of the LaOFeP crystal.
Finally, we will briefly discuss the common crystal defects in the superconducting LaOFeP materials. Figure 3(c) is a bright-field TEM image of a LaOFeP crystal, showing the presence of stacking faults within such superconducting materials. Actually, several types of planar defects also exist in this material due to the essential weak bonding of atomic layers stacking along the c-axis. Figure 3(d) shows a HRTEM image illustrating a region with a clear stacking fault in a LaOFeP crystal grain. This stacking fault is located within the (001) crystalline planes of LaOFeP. It is noted that such 
Conclusions
In summary, we have reported a new method for synthesizing high quality LaOFeP superconducting materials. This method includes a pre-alloying treatment and two-step solid reactions.
Temperature dependence of magnetic susceptibility and electric resistivity demonstrate the presence of bulk superconductivity in the LaOFeP materials with a superconducting transition temperature T c of about 4.1 K. The volume fraction of the superconducting phase in the typical superconducting samples is estimated to be as high as about 95% at the temperature of 2 K. Structure analysis by means of SEM and TEM techniques shows that LaOFeP has a typical layered structure with space group of P4/nmm. The common structural defects, e.g. stacking faults, have been examined by means of high resolution TEM observations. Recently, we also used this new method to synthesize other related samples, such as PrOFeP; the experimental results demonstrated that samples prepared by this method in general have a perfect ZrCuSiAstype layered structure without visible impurities.
